ABSTRACT: Interaction of intense laser pulses with atoms and molecules is at the forefront of atomic, molecular, and optical physics. It is the gateway to powerful new tools that include above threshold ionization, high harmonic generation, electron diffraction, molecular tomography, and attosecond pulse generation. Intense laser pulses are ideal for probing and manipulating chemical bonding. Though the behavior of atoms in strong fields has been well studied, molecules under intense fields are not as well understood and current models have failed in certain important aspects. Molecules, as opposed to atoms, present confounding possibilities of nuclear and electronic motion upon excitation. The dynamics and fragmentation patterns in response to the laser field are structure sensitive; therefore, a molecule cannot simply be treated as a "bag of atoms" during field induced ionization. In this article we present a set of experiments and theoretical calculations exploring the behavior of a large collection of aryl alkyl ketones when irradiated with intense femtosecond pulses. Specifically, we consider to what extent molecules retain their molecular identity and properties under strong laser fields. Using time-of-flight mass spectrometry in conjunction with pump−probe techniques we study the dynamical behavior of these molecules, monitoring ion yield modulation caused by intramolecular motions post ionization. The set of molecules studied is further divided into smaller sets, sorted by type and position of functional groups. The pump−probe time-delay scans show that among positional isomers the variations in relative energies, which amount to only a few hundred millielectronvolts, influence the dynamical behavior of the molecules despite their having experienced such high fields (V/Å). High level ab initio quantum chemical calculations were performed to predict molecular dynamics along with single and multiphoton resonances in the neutral and ionic states. We propose the following model of strong-field ionization and subsequent fragmentation for polyatomic molecules: Single electron ionization occurs on a suboptical cycle time scale, and the electron carries away essentially all of the energy, leaving behind little internal energy in the cation. Subsequent fragmentation of the cation takes place as a result of further photon absorption modulated by one-and two-photon resonances, which provide sufficient energy to overcome the dissociation energy. The proposed hypothesis implies the loss of a photoelectron at a rate that is faster than intramolecular vibrational relaxation and is consistent with the observation of nonergodic photofragmentation of polyatomic molecules as well as experimental results from many other research groups on different molecules and with different pulse durations and wavelengths.
■ INTRODUCTION
The behavior of matter under intense laser radiation is of both fundamental and practical interest. Here we address the behavior of large polyatomic molecules in the gas phase under intense 10 13 to 10 14 W/cm 2 femtosecond near IR fields and examine the ensuing photochemistry. Of particular interest is that the field strength relevant to this work (1−3 V/Å) is sufficient to multiply ionize the molecules and deposit sufficient energy to overcome molecular bonding. It has been suggested that under these conditions, a molecule may behave as a "bag of atoms" that undergoes multiple ionization and Coulomb explosion with little regard to the originating molecular properties. Here we explore why this extreme behavior is not often observed; instead, molecules under intense laser irradiation ionize but retain their molecular identity, undergoing further processes that reflect details such as positional isomerism of functional groups.
The behavior of noble gas atoms in strong laser fields has been studied for decades and has been modeled successfully using the quasi-static field and assuming a single active electron (SAE). 1−6 This approximation, also known as the ADK (Ammosov− Delone−Krainov) model, successfully explains the strong-field tunneling ionization process and rates. 6 Studies on diatomics, where the strong-field ionization (SFI) rate was compared directly to that of a noble gas atom with a similar ionization energy, found similar behavior in many cases, such as N 2 and Ar. However, significant differences were found for some comparisons; for O 2 vs Xe, the O 2 molecule showed an order-ofmagnitude suppressed ionization, explained as arising from its open-shell ground state electronic structure. 7, 8 Overall, however, diatomics were interpreted as structureless atom-like particle clusters. 8 SAE was found to fail when predicting the ionization rate of large polyatomic molecules, and this led to the development of the molecular length corrected quasi-static model known as the molecular single active electron (MSAE) approximation, which corrects the Keldysh parameter to account for molecular length. 9 MSAE had some limited success in explaining the behavior of polyaromatic molecules. Such systems with increasing number of aromatic rings ionize easily in presence of an electric field, because their spatial extent leads to the lowering of the barrier height as compared to an atom having similar ionization potential. A survey of a wider variety of molecules found that polyatomic molecules reached saturated ionization at higher intensities, known as I sat , than would be expected for atoms having the same ionization potential. 10 In that study, experimental I sat values were compared with values predicted by the ADK theory based on a "virtual atom" with the molecule's ionization potential. On an average I sat was a factor of 2 greater than I ADK . The same study found that in the 10 13 to 10 14 W/cm 2 intensity regime, 100% ionization could take place without multiple ionization and Coulomb explosion. A second study looking into the ionization and fragmentation of polycyclic aromatic hydrocarbons found much less fragmentation than previously reported, 11 clearly indicating the difficulty in reproducing early strong-field studies in polyatomics. 12 Efforts to address the failures of MSAE, and to explain results on rare gas clusters for which "nano" plasma based descriptions seemed appropriate, 13, 14 led to the development of nonadiabatic multi electron theory (NME). 15, 16 The transition from the adiabatic response to the field observed for atoms to the nonadiabatic response proposed for molecules, arises from the time it takes an electron to "traverse the atom" compared to the time it takes to traverse the molecule. 15 The principle of NME is that multiple electrons in a polyatomic molecule respond to the strong field. During a typical laser pulse consisting of 10−20 optical cycles in duration (30−60 fs fwhm), a number of internal electrons oscillate with the field forming a plasma-like quasicontinuum state and as a result deposit a significant amount of energy. The many-electron participation leads to dynamic shielding of the field which results in a higher ionization threshold compared to a molecule with fewer electrons but the same ionization potential. Ionization of one or more electrons results in a cation with significant intramolecular energy, and this intramolecular energy, together with multiple charges, leads to multiple bond dissociation events via Coulomb explosion. It is argued that ionization occurs when the lowest unoccupied molecular orbital (LUMO) is Stark-shifted just above the Coulomb barrier; however, the LUMO which acts as a doorway state must be populated through the nonadiabatic interaction with the field. 17 Early experimental evidence for NME compared results from hexatriene, decatetraene, and β-carotene, three molecules with increasing numbers of atoms and more importantly increasing numbers of conjugated double bonds. 16 According to NME, the longer the molecule, the longer the path through which the electrons traverse and therefore the greater the amount of internal energy deposited by the strong field. 16 Upon irradiation with 800 nm pulses, it was found that the intensity of the intact molecular ion diminishes from hexatriene to decatetraene and is barely visible for β-carotene. Irradiation with 1455 nm, with the same pulse duration and peak power density results in much less fragmentation. The explanation provided is that a longer wavelength implies fewer optical cycles and hence less internal energy acquired by the molecule. The general observation that it is rare to see the intact molecular ion for large molecules under intense radiation seems to lend support to the NME theory. One of the conclusions from NME is that under strong fields, the Stark shifts of delocalized molecular orbitals approach the ionization potential and the discrete electronic structure becomes irrelevant. 17 A modified ADK theory, (MO-ADK) was introduced and refined to explain suppressed ionization in diatomics. 18 The key concept behind the modification was that tunneling ionization occurs through the suppressed potential barrier of the combined molecular and external electric field, and therefore, the wave function of the outermost electron(s) in the asymptotic region needs to be calculated. 18 MO-ADK works well for diatomics and some triatomics but requires extensive molecular electronic structure calculations which are just becoming practical for large polyatomic molecules.
A modification of the NME theory known as sequential nonadiabatic excitation introduced the concept of a doorway state having charge transfer character, which helps in excitation to the quasicontinuum state. 17 This process is exponentially enhanced by the dynamic polarization of multiple electrons and the fragmentation results finally from the sequential energy deposition in the neutral and the resulting molecular ion. However, given that postionization excitation of the ionic ground state can lead to observation of ionic fragmentation, the observation of fragment ions does not constitute proof that SFI directly accessed excited ionic states. This led to a further refinement of the NME definition to one whereby "another bound electron makes a laser-induced transition on a subcycle time scale as the continuum electron departs." 19 The nonadiabatic interchannel coupling is required to reach the excited ionic state, which is forbidden in a suboptical cycle SFI process.
The observation of molecular angle dependence on the ionization and fragmentation of molecules 20−23 inspired the development of channel resolved above threshold ionization (CRATI). 19 In that study the strong-field ionization of 1,3-butadiene and n-butane were investigated. In particular, butadiene was found to have two distinct channels: production of the parent ion, through excitation (90%) to the ionic ground state, and fragmentation (10%) to form C 3 H 3 + and C 4 H 5 + . The results of angle-resolved CRATI measurements were modeled better by a time dependent mixed orbital-grid method using multielectron orbital-based bound states of the neutral and cationic molecule (time dependent resolution in ionic states; TD-RIS) than by the semiclassical single-electron MO-ADK theory. 24 Clearly the level of theory and description of the electronic structure used for the TD-RIS as compared to the limited MO-ADK resulted in more realistic ionization probabilities. However, evidence for nonadiabatic multielectron processes during SFI is not clear. We find ample experimental evidence in the literature, demonstrating molecules have more than one SFI pathway, and this may lead to different fragmentation channels, such as those found for 1,3-butadiene, N 2 , and CO 2 .
20−23 Along the same lines, different SFI pathways were observed when N 2 O 4 was ionized at the inner or outer turning point of the NO 2 −NO 2 stretch. 25 In general, different molecular orientation with respect to the electric field vector and different intramolecular structure (such as inner or outer turning points of a stretch or twisting angles of a double bond) expose different SFI pathways. The existence of multiple SFI pathways, however, does not imply NME when NME is narrowly defined as the process in which two or more electrons are promoted to a different state within a single optical cycle.
As the field strength increases above 10 14 W/cm 2 , the possibility of electron recollision with the molecule increases. Electron recollision has been explained as a three-step model involving (i) tunnel ionization of the highest energy electron, (ii) acceleration of the free electron in the laser field, and (iii) recombination of the electron to the state from which it originated. 5 This process opens new fragmentation pathways that are dependent on the time, phase, and energy of the recolliding electron, as evidenced in the carrier envelope phase control of molecular fragmentation. 26 Similarly, experiments involving measurement of HHG emission and finding evidence for the participation of multiple SFI pathways involving (HOMO−n, for n = 0, 1, 2, ...) depend on electron recollision.
The transition from atoms to diatomic, triatomic, and even larger polyatomic molecules increases the number of degrees of freedom linearly. The additional degrees of freedom participate according to a hierarchy of time scales. Given that SFI takes place within an optical cycle, all nuclear degrees of freedom can be considered frozen. Note that in this work we refer to SFI as an ionization process that includes tunneling and or multiphoton ionization. At lower peak intensities (∼10 13 W/cm 2 ), when only a fraction of the molecules ionize within an optical cycle, ionization may occur every half-optical cycle provided the intensity is above some threshold. For sub-40 fs, the ionization process occurs on a sub-10 fs time scale and the approximation of a frozen molecular structure holds valid. The observation of ultrafast proton transfer 27−29 is an understandable exception due to the low mass of the proton. The extra degrees of freedom in molecules, however, play two important roles. First, larger molecules, especially those with multiple double bonds and with linear geometries, are expected to have a greater number of electronic states and the spacing between the electronic states of both the neutral and the cation is expected to be much smaller. On the basis of a simple particle in a box approximation, the number of states grows with the number of conjugated electrons and the spacing between electronic states shrinks with the length of the molecule squared. Here we note as the only caveat that symmetry can greatly reduce the number of nondegenerate electronic states. Cyclooctatetraene, the cyclic analogue of decatetraene was found to be more stable, showing higher molecular ion yields and almost no fragmentation as compared to decatetraene. 16 This can be explained due to the reduction of density of excited states due to the higher symmetry, or simply based on the fact that unlike a linear chain, at least two bond have to be broken in order to fragment a ring. Also, the greater number of vibrational degrees of freedom provides a dense bath for intramolecular vibrational relaxation and dephasing.
On the basis of the density and distribution of electronic energy levels of polyatomic molecules, we entertain an alternative hypothesis to NME: although multiple electrons are polarized by the strong field, the most polarizable electron, which is likely in the highest occupied molecular orbital (HOMO), responds more strongly to the field than the remaining electrons, and upon its ultimate ejection, it leaves behind a much less polarizable cation. This hypothesis is similar to the basis for SAE; however, it is clear that a polyatomic cation is much more complex than an atomic ion. Single electron ionization does not explain the extensive fragmentation that often accompanies strong-field irradiation of polyatomics. It has been proposed that dissociation results from nonadiabatic multielectron excitation. 15, 16 However, a simpler explanation is that the nascent cations absorb additional photons. This proposal is based on the model introduced by Schlag and Lin when studying the ionization and fragmentation of benzene under intense laser irradiation with nanosecond lasers. 30 They proposed that unimolecular dissociation competes with further photon absorption, leading to a cutoff in the excitation ladder and a switch to a new ladder of product ions which absorb additional photons. The ladder switching mechanism was supported by work on a broad range of polyatomic molecules using nanosecond and picosecond pulses. 31 Clearly, in the picosecond and nanosecond time scales there is plenty of time for dissociation to take place while the field is still present. In the femtosecond regime, ladder climbing and switching can only take place when the pulses are longer than ∼50 fs, allowing dissociation to compete with further ionization. Fragmentation and ionization of a broad range of polyatomic molecules with shaped pulses was explored systematically and the conclusion was that longer near-IR femtosecond laser pulses lead to more dissociation, a process closely linked to the likelihood of the ionized molecules to absorb additional photons. 32 The likelihood that further single or multiphoton absorption by the cation explains the fragment ion formation has been proposed and experimentally tested by a number of research groups on different types of molecular systems. 33−41 The drastically different mass spectra obtained for hexatriene and 1,3-cyclohexadiene, two compounds with the same ionization energy, can be explained by differences in the absorption spectrum of the respective cations. 33 As noted above, however, fragmentation of a ring requires two bonds to be broken. Similarly, differences in the fragment ion formation between 1,3-and 1,4-cyclohexadiene were ascribed to the large difference of the absorption spectra of the molecular cations. 34 The fragmentation and ionization of three metal carbonyls (Ni, Fe, and Cr) excited at two different wavelengths (0.8 and 1.35 μm), 36 show that fragmentation is dominated by resonances in the ionic state and relaxation of the nascent parent ion, which is possible with longer excitation pulses. Static as well as dynamic resonances in the nascent ion have been identified and used in pump−probe measurements to observe wave packet dynamics. 37−40 The cationic absorption premise has been challenged by a study where the ionization and fragmentation patterns for a number of polycyclic aromatic hydrocarbons were analyzed. 11 The findings indicate that, despite having strong absorption resonances, some molecules remain bound showing strong parent ion peaks in the mass spectrum, and form doubly and triply ionized entities. In the Discussion we address this study and offer as a possible explanation the fact that fragment formation for the polycyclic molecules studied requires at least two chemical bonds to be broken. More recently, the role of intermediate Freeman resonances in strong-field ionization of polyatomic (halogenated methane) molecules has been studied, finding clear signals in the photoelectron spectrum for the presence of resonance-enhanced ionization vs nonresonant ionization. 42−45 Electron−ion correlation studies aided by velocity map imaging have helped to determine direct as well as indirect reaction paths and pulse shaping has helped to find Freeman resonances. 42−45 The nascent molecular cation has a distribution of electronic quantum states that can be sparse or dense depending on the size and symmetry of the molecule. These cases are illustrated in Figure 1 where the ground and cationic excited states for hexatriene, decatetraene, cyclooctatetraene, and β-carotene have been estimated using a low level quantum chemical method. The neutral states have been curtailed at the experimental IP and the , and ionization typically takes 6 photons (9.3 eV). Upon ionization, the nascent electron takes away additional energy, as evidenced by above threshold ionization (ATI), 6 which has also been observed in molecules 46−48 and by high harmonic generation (HHG) from molecules. 22, 49 Following SFI the remaining cation may absorb additional photons, which provide sufficient energy for breaking chemical bonds. Given that ionic excited states are also accessible within the few electronvolt range, photodissociation of the ions is in many cases resonantly enhanced. As we show schematically in Figure 1 , the sparse electronic states of hexatriene lead to limited ionization and fragmentation, 15 whereas dense electronic states lead to resonantly enhanced ionization and fragmentation. The state density argument combined with resonantly enhanced cation excitation and fragmentation seems to provide an alternate explanation to NME, at least as it was originally stated.
The proposed single electron activation SFI followed by resonance enhanced excitation and fragmentation (SEA-REEF) hypothesis implies the loss of an electron within an optical cycle, presumably before the peak intensity of the laser pulse is reached. The electron carries away most of the excess energy, leaving the lowest ionic state accessible behind. The predictions of this model are as follows: First, one is likely to see the intact molecular ion of molecules whose cation has a low probability of absorbing one or two additional photons, Figure 1 case a. This observation depends as well on the stability of the resulting molecular ion. Second, when the molecular cation has one-or two-photon resonant transitions, then the intensity of the molecular ion peak decreases, Figure 1 cases c and d. This is especially the case as the intensity of the laser is increased. A systematic study on a large number of polyatomic molecules supports this general trend. 32 On one hand, benzene and toluene were found to undergo very limited fragmentation under near-IR femtosecond laser excitation using 36 fs pulses, presumably due to the scarcity of electronic states, leading to the poor absorption cross section of the nascent cations. Nitrotoluenes on the other hand undergo significant fragmentation because of the greater electronic-state density introduced by the nonbonding electrons in the nitro functional group, increasing the long wavelength absorption of the cations. Third, the sudden ionization leaves little or no internal energy and, therefore, should lead to nonergodic (nonthermal or nonstatistical) activation. This implies that, although some strong bonds may break, other more labile bonds in the molecule may not. This idea is consistent with work on peptide activation using strong-field femtosecond laser-induced dissociation (fs-LID). 50 An example is studies on phosphorylated peptides, where activation of the peptide ions by an intense femtosecond laser is shown to break peptide bonds (3.1 eV, ∼300 kJ/mol) while leaving the phosphorylation (1.3−1.9 eV, ∼125−180 kJ/mol) intact. 50−55 Fourth, the behavior of molecules under intense near IR fields is determined by ground-state molecular structure more than by ionization energy; functional groups and positional isomerism largely dictate the ionization and fragmentation processes. Fifth, the hypothesis being proposed implies that the ionization behavior of polyatomic molecules, and the coherent dynamics observed soon after their strong-field excitation would be consistent with ab initio calculations and molecular dynamics based on the departing electron taking away most of the excess energy. Thus, ionization leaves little or no intramolecular excitation, and further fragmentation is thus dictated by the presence of one-or two-photon resonant excited states. The work presented here provides experimental and theoretical evidence that supports these ideas. Additional evidence found in the literature is provided in the Discussion.
In this article we narrow our focus to an investigation of the dynamical behavior of the excited states of aromatic ketones, a large class of chemicals known for their UV protecting properties. In addition, acetophenones are used in the fragrance and food industries, and as additives in tobacco products. The rationale for the molecules chosen in this study is to transition from the broad and systematic survey presented earlier by our research group, where more than 25 molecules were studied, to a group of molecules with similar chemical motifs for which we could compare experiments and theory. 32 In addition, most aromatic ketones present low frequency coherent torsional motion following excitation that provides an internal molecular thermometer. Strong-field excitation of acetophenone has been the subject of closed loop optimal control studies. 56−58 SFI followed by cation absorption was proposed to explain the fragmentation pattern of acetophenone along with many other polyatomic molecules. 32 Acetophenone and its methyl derivatives have been studied using time-resolved pump−probe experiments. 59 More recently, frequency resolved strong-field NIR excitation was used to locate a one-photon resonance to the D 2 electronic state of the cation. 60 This wavelength scanning method was later extended to propiophenone 61 and hydroxyacetophenone isomers 62 where it was proposed that following tunnel ionization, population transfer to the D 2 state occurs when the acetyl group twists and if the pulse contains resonant photons.
We divide the molecules studied here ( Figure 2 ) into four general groups. The first group consists of benzaldehyde, acetophenone, propiophenone, and benzophenone. The second group consists of aromatic ketones with locked geometry such that the carbonyl group is constrained in plane with the aromatic ring. The third group consists of singly substituted acetophenone derivatives. Here we explore positional isomerism for substituents with different degrees of electronegativity and steric demand. The fourth group consists of doubly substituted methyl acetophenone derivatives.
The experiments are carried out by using an intense-pump pulse followed by a weak-probe pulse that interrogates the nascent molecular ion and determines the extent of internal excitation following ionization. In parallel, we have performed and present ab initio calculations on most of the molecules in Figure 2 aimed at determining the electronic states of the nascent cation and the lower lying excited cationic states. In addition, calculations were carried out to determine the potential energy surface beyond the Franck−Condon region and molecular dynamics simulations were run to predict the ensuing dynamics following sudden vertical ionization. The Discussion focuses initially on the body of experimental and theoretical work presented here and then broadens to encompass results in the literature on a variety of molecules that have been studied under intense fields. Finally, we draw conclusions as to the merits of the proposed mechanism for polyatomic molecules under intense laser radiation and point to observations that remain unexplained.
■ EXPERIMENTAL METHODS
The femtosecond laser system comprises a regeneratively amplified Ti:sapphire laser (Spectra Physics, Spitfire) capable of producing 0.8 mJ 35 fs pulses at 1 kHz. The output pulses from the oscillator (KM Labs) are sent to a phase only pulse shaper (placed between the oscillator and amplifier) consisting of a 640 pixel spatial light modulator (MIIPS Box, Biophotonic Solutions Inc.) at the Fourier plane before amplification. Phase distortions introduced by the laser system and the optical setup are compensated via MIIPS 63 while monitoring the second harmonic spectrum from the frequency doubled output of a 100 μm thick KDP crystal placed at the sample plane. The output pulses are split in a Mach-Zhender interferometer with an adjustable optical delay line where pump and probe pulses are generated before they are spatially recombined.
The experiments are carried out on a Wiley−McLaren time-offlight (TOF) mass spectrometer having a 0.5 m long field free drift region. The mass spectrometer consists of an ultrahighvacuum chamber maintained at a base pressure of 8 × 10 −9 Torr. A schematic diagram of the setup is shown in Figure 3 . All the samples were purchased from Sigma-Aldrich and used without further purification. The sample is introduced into the chamber via a leak valve and fast-flow conditions are maintained while keeping the pressure constant around 4 × 10 −6 Torr. The pump and probe beams are collinearly focused onto the effusive beam of gaseous sample with a 300 mm plano convex lens.
Pump pulse energies of 100 μJ (4.4 × 10 13 W/cm 2 ) were chosen such that only a small percentage of molecular SFI occurs via a mixture of tunneling and multiphoton processes; given the molecular and laser parameters we calculate a Keldysh parameter of ∼1.3. The probe pulse energies were maintained at 50 μJ (2.2 × 10 13 W/cm 2 ), an intensity that causes minimal formation of new ions but is sufficient to cause fragmentation through multiphoton absorption of the cations. Both pump and probe pulses are horizontally polarized as they enter the mass spectrometer, and the ions are extracted at right angles to the laser polarization. A 200 μm wide slit perpendicular to the laser excitation is used as the extraction optics such that only the ions produced at the center of the focused beam are extracted. This is done to mitigate the axial Gaussian intensity distribution inherent with laser excitation. 64, 65 The ions are detected using a dual microchannel plate in Chevron configuration coupled to a 500 MHz digital oscilloscope. The TOF spectra are collected for each delay and integrated ion yields are plotted as a function of time delay between pump and probe beam for each fragment ion. Time delay is varied in steps of 50 fs, from −500 fs to +5 ps. At each time delay point mass spectra are averaged over 30 laser shots to reduce the shot-to-shot fluctuations. To improve the signal-to-noise ratio and to minimize the effect of longer-term variations, our final transient is an average of 50 scans. The integrated area under the peak of the molecular and fragment ions following background subtraction of the mass spectrum is plotted as a function of delay of the probe pulse.
■ QUANTUM CHEMICAL CALCULATIONS
Quantum chemical calculations were applied to address three questions: (a) which acetophenone derivatives twist about the phenyl−acetyl bond upon ionization, (b) how does substitution control the propensity for this twisting and (c) which cation states resonantly enhance fragmentation by the laser field. Torsional potential energy surfaces (PESs) for the various acetophenone derivative cations were computed to determine their propensity to twist upon ionization. The derivatives were optimized in their neutral ground states (S 0 ) at the Møller− Plesset second-order perturbation (MP2) level of theory using the 6-311++G** basis set. This same method was previously found to provide a structure in reasonable agreement with gasphase electron diffraction results for the ortho-methyl derivative. 66 (All MP2-optimized structures are available in Supporting Information.) From these optimized neutral structures, the acetyl groups were twisted relative to the phenyl ring with all other internal coordinates reoptimized on the neutral MP2 groundstate PES, and the energies at these structures were computed at the two-hole-one-particle (2h/1p) ionization potential equationof-motion coupled cluster (IP-EOM-CC) level of theory 67−70 using the 6-31+G* basis set. PESs predicted at this level of theory are in excellent agreement with gas-phase electron diffraction results. 71 The existence of resonances in the cation manifold was investigated by computing higher energy cationic states at the IP-EOM-CC level of theory. To investigate the electronic structure of the various cations, singly occupied molecular orbitals (SOMOs) were calculated. Natural molecular orbitals were calculated at the multireference configuration interaction with singles and doubles (MRCI) theoretical level using an active space of five electrons in eight orbitals and the 6-31+G* basis set. In all cases the MRCI states have roughly the same chemical character as the corresponding IP-EOM-CC states, as determined by comparison of the MRCI SOMOs to the IP-EOM-CC amplitudes and associated Hartree−Fock orbitals. The SOMOs were computed at a planar constrained S 0 minimum structure and a 35°-twisted structure; the planar structure was chosen to facilitate interpretation. All IP-EOM-CC calculations were performed using the Q-Chem and GAMESS electronic structure software packages, 72−76 whereas density functional, MP2, and MRCI calculations were performed using the MolPro package. 77 ■ RESULTS 1. Mass Spectra. Experimental mass spectra obtained when probe pulses precede pump pulses (negative time delay) for the majority of the compounds studied are shown in Figure 4 . Notably the ion yield for a probe pulse alone is negligible compared with the ion yield for the pump. All the spectra have been obtained at identical laser intensities (4.4 × 10 13 W/cm 2 ) and sample pressure. The intensity was chosen to minimize multielectron ionization while providing reasonable ion yield and hence signal-to-noise ratio. At lower intensities ∼10 13 W/cm 2 the nascent molecular (parent) ion is nearly as intense as the benzoyl ion and both of these peaks are much more intense than other fragment ions, see Figure S1 (Supporting Information). The thermodynamic values associated with fragmentation of the acetophenone ion are given in Table 1 and provide a clear explanation for the relative abundance of the benzoyl and phenyl ions. Production of benzoyl requires a single additional photon of energy from the field, whereas production of phenyl requires two photons.
Of particular interest when the different mass spectra are compared is the ratio between the molecular ion, benzoyl ion, and phenyl ion, the three heaviest masses observed, corresponding to bond cleavage near the carbonyl group. Table 2 summarizes the ratio between these peaks (normalized to benzoyl ion yield) for most of the compounds studied. In the first group, benzaldehyde is the only compound that undergoes limited molecular ion dissociation. Although the ratios for ortho and para isomers are similar, we find the meta isomer fragments less. This kind of positional isomer dependent fragmentation is not observed in case of electron impact mass spectrometry. Among the methylated compounds, ortho or para substitution stabilizes the benzoyl ion more than meta-substitution. Note that the molecular ion is much more abundant than the benzoyl ion for the dimeta isomer. Meta substitution also results in lower overall ion yield. The differences in the parent ion yield can be explained using the concept of positive charge stabilization on an aromatic ring, illustrated in Figure 5 . Loss of a methyl radical through α cleavage produces the corresponding benzoyl ion. The benzoyl ion has several resonance structures; structures 3 and 4 having the positive charge on the ortho and para position respectively are stabilized by a σ or π donor functional groups. This in turn favors the fragmentation of the parent ion. Therefore, compounds having these groups at the ortho and para positions show lower molecular ion to benzoyl ion ratios, as compared to compounds with substitution at the meta position. The classical concepts of organic chemistry occurring in the ground state and in condensed phase are valid and help explain the behavior of isolated polyatomic molecules subjected to intense femtosecond laser fields.
Cyanoacetophenones have slightly different mass spectra (shown in Figure 6 ) when compared to the other compounds.
The overall ion yield for these compounds is lower, especially for the meta isomer. These compounds exhibit extensive fragmentation, the large proton yield indicative of higher energy ionization and fragmentation processes. Cyanobenzoyl ions are the dominant ions. The higher overall fragmentation but lower overall yield point to the fact that it is hard to ionize these molecules. Their higher single-ionization potential leads the observation of double ionization causing the appearance of Coulomb explosion fragments such as H + and C + (vide infra). 2. Preliminaries. The goal of our study is to provide an intuitive understanding of the behavior of polyatomic molecules under intense laser fields. This requires us to probe the dynamics soon after molecules interact with a strong laser field. For this purpose we use a pump−probe arrangement in which the strong field interacts with the molecule and a weaker field interrogates the resulting molecules and cations in the wake of the intense pump pulse. Given the intensity of the pump pulse, the majority of the molecules ionize; therefore, the pump pulse creates an ensemble of molecular ions and the probe laser interrogates their dynamic behavior. The probe pulse depletes the molecular ion yield as it induces further fragmentation. The fragmentation pattern following the pump−probe sequence is shown in Figure  7 . The fragment ions and radicals can undergo further fragmentation following absorption of multiple photons.
This type of experiment has been carried out on acetophenone, and we summarize those findings in Figure 8 , where we show newly acquired higher-quality results. We determined that the oscillations are caused by the change in the polarizability of the molecular ion due to the torsional motion of the acetyl group which controls the efficiency and selectivity of probe induced excitation and fragmentation. Pump−probe transients corresponding to the molecular ion (black squares), benzoyl ion (blue triangles), and phenyl ion (red circles) from acetophenone as a function of time delay of the probe pulse illustrate the fragmentation mechanism. The ion yields corresponding to the molecular ion and benzoyl ion (loss of methyl group) are modulated almost in phase, with only a ∼60 fs lag, whereas the phenyl ion yield is out of phase. This observation indicates that the probe photons cause loss of methyl or acetyl groups depending on the dynamic behavior of the molecular ion, or more specifically as we shall see later, with the torsional angle of the carbonyl group. The dip in the molecular ion yield is caused when the acetyl group twists out of plane leading to enhanced fragmentation and will be elaborated later on the basis of Norrish type reactions.
3. Carbonyl Group Substituents and Locked Compounds. We start by presenting the results pertaining to the first group of molecules where the alkyl group has been varied to study the effect of the mass of the rotor on the ensuing torsional dynamics in the cationic ground and excited states. Figure 9 shows the molecular ion yield corresponding to benzaldehyde, acetophenone, propiophenone, and benzophenone, together with the corresponding fit to the oscillations observed.
We find that benzaldehyde exhibits no modulation in its molecular ion yield, vide infra. Acetophenone and Acetophenone-d 3 (not shown) have very similar oscillation frequencies with periods of 647 ± 15 and 650 ± 24 fs, respectively. The period found for propiophenone is 690 ± 18 fs, whereas the period for benzophenone is 1.611 ± 0.050 ps. The period between the first oscillation and time zero is different than that between first and second oscillations for benzophenone. This may be due to an initial relaxation of the structure following ionization, which is followed by the slow torsional motion of the phenyl group. The closeness in the periods of acetophenone and propiophenone point to the fact that a simple reduced mass Figure 7 . Schematic illustrating the strong-field ionization pump (thick red arrow) followed by the weaker probe laser pulse (thin red arrows) and fragmentation pathways for acetophenone. Strong-field ionization to the ground ionic state leads to twisting to a lower energy configuration. Subsequent excitation by the probe to higher excited ionic states depletes the molecular ion and leads to formation of products. The twist angle refers to the torsional motion of the acetyl group relative to the benzene ring. (moment of inertia) argument of the rotor is insufficient to explain the observed periods.
To assess the dynamical behavior of the molecules upon ionization, we calculated the relaxed PESs of the cationic ground state (D 0 ) of this group of molecules along the acetyl twisting coordinate, relaxing all other nuclear degrees of freedom on the neutral surface at each point ( Figure 10 ). It is found that twisting is energetically favorable for acetophenone but is unfavorable for benzaldehyde. It should, however, be noted that a two-photon excitation state (3 eV) above D 0 is present for both the molecules ( Figure S2 , Supporting Information). The absence of a driving force to twist explains the lack of oscillations observed for benzaldehyde. An orbital picture based argument will be used following the discussion of the results to further enhance our understanding.
We also investigated the cationic ground-state dynamics of aromatic ketones where the carbonyl group is chemically locked in plane. As shown in Figure 11 , oscillations in the molecular ion yield were not observed for indanone and fluorenone. This is consistent with our association of the modulations in the ion yield to the torsional wave packet motion on the cationic ground state. Changes in the oscillation period as a function of the moment of inertia of the rotor further confirm the assignment.
4. Functional Groups and Positional Isomerism. Next we studied the effects of functional groups and their positions on the phenyl ring on the ensuing dynamics. To that end we studied the dynamics of methyl, fluoro, and cyano acetophenone isomers. Figure 12 shows the normalized molecular ion yields of the methyl-and dimethylacetophenone isomers. It can be clearly seen that the functional group and its position on the phenyl ring have dramatic effects on the observed torsional dynamics of the acetyl group. o-Methylacetophenone has prolonged oscillations having a longer period (1.083 ± 0.03 ps) than the para isomer (730 ± 10 fs). The longer period can be attributed to the steric hindrance presented by the methyl group at the ortho position as opposed to the other isomers. No fast oscillations are observed in the yield of the meta isomer. A very long single hump is, however, observed, which may be due to some other mode of the molecule. It is observed that the parent ion yield of the isomer having methyl groups at both the ortho and para(2, 4) positions oscillates with a period of 980 ± 12 fs. These oscillations die down around 5 ps, as shown in Figure 12d . The oscillation period is shorter than that of o-methylacetophenone but longer than that of the para isomer. The introduction of a methyl group at the meta position of p-methylacetophenone leads to rapid damping of the first oscillation and the dimeta isomer behaves like m-methylacetophenone, having a single 1 ps long hump (Figure 12e,f) .
Calculations help to explain the large differences in the behavior of these structural isomers. Initial optimization of the three neutral ground-state ring-methyl isomers results in structures where the acetyl group is twisted relative to the phenyl units to varying degrees. The para and meta isomers are only slightly twisted, with O−C1−C2−C3 dihedral angles of 7.0°and 6.3°, respectively (see the inset of Figure 13a for the definition of the O−C1−C2−C3 dihedral angle.). The ortho isomer is, however, strongly twisted, with an O−C1−C2−C3 angle of 26.4°, as previously demonstrated by gas-phase electron diffraction and related computation. 66 The presence of twophoton resonance between cationic ground and excited state was also determined through calculations ( Figure S3 , Supporting Information).
To assess the dynamical behavior of the p-, m-, and omethylacetophenone molecules upon ionization, we calculated the PESs of the cationic ground state (D 0 ) of these derivatives along the relaxed acetyl twisting coordinate (Figure 13a ). It is found that twisting of m-methylacetophenone is energetically unfavorable. Twisting is favorable for the para derivative, as well as for the ortho derivative, which is already twisted by 26.4°in its neutral structure.
To understand how methyl substitution can have such a dramatic effect on the PES, one must understand how the driving force for twisting arises. To develop this understanding, we investigated the three singly occupied molecular orbitals (SOMOs) corresponding to the three lowest cation states at idealized planar and 35°-twisted structures. The relative ordering of these three states differs in the various substituted acetophenones studied, but like the p-methylacetophenone case shown in Figure 14 , their energies all fall within 0.5 eV of one another at the S 0 minimum structure. In particular, we will concentrate on the SOMOs for this isomer (Figure 14) .
It is important to recognize that these SOMOs represent the hole left behind after ionization. Upon ionization there is a tendency for the nuclei to relax in such a way as to raise the energy of this hole, thus lowering the energy of the remaining electrons. In the planar structure, the acetophenone derivative cations have three low-lying states: two in which the SOMO is located in the π system of the ring, and one in which the SOMO corresponds to an oxygen nonbonding lone pair (n) orbital (Figure 15, left) .
In the case of the p-methyl derivative the D 1 SOMO is of n character whereas the D 0 and D 2 SOMOs are of π character. The π and n systems are decoupled by symmetry in this planar structure, but upon twisting, they mix and split (Figure 15 The role that methylation plays in determining the energetics of twisting is illustrated in Figure 13b , which shows the SOMOs of D 0 for p-, m-, and o-methylacetophenone in their neutral minimum energy structures. The orientation of the π SOMO of D 0 is determined by the position of the methyl group, with the largest density on the methylated carbon. For p-and omethylacetophenone, the π SOMO is oriented such that there can be a strong interaction with the oxygen lone pair, and thus there is a large driving force for twisting. In contrast, in mmethylacetophenone the oxygen lone pair orbital falls near the node of the π SOMO, and thus only a very weak effect is expected.
Investigation of the SOMOs also suggests how twisting can modulate the probability of different fragmentation pathways. On the one hand, the D 0 SOMO of the twisted structure ( Figure  15 , top right) has significant density in the in-plane lone pair orbital of the ketone oxygen atom. This unpaired electron density is well positioned to interact with and destabilize the C− C bonds between the ketone carbon and the α carbons on either side of the ketone group. Such an interaction is reminiscent of the Norrish type I reaction, 78 in which the excitation of an electron out of the oxygen lone pair orbital of a ketone leads to cleavage of one of the α carbons. The D 0 SOMO of the nearly planar S 0 minimum structure ( Figure 15, top left) , on the other hand, exhibits no population in the in-plane lone pair, and thus one would expect the propensity for such a Norrish-like cleavage to be strongly modulated by twisting of the acetyl group.
Unlike in methylacetophenones, oscillations in the ion signal were observed in o-, m-, and p-fluoroacetophenone as shown in Figure 16 . Oscillatory behavior is observed in the yield of all the ring-substituted isomers of fluoroacetophenone. The ortho, meta, and para isomers have periods of 698 ± 26, 668 ± 12, and 675 ± 5 fs, respectively. It is interesting to note that the para isomers for both the methyl-and fluoroacetophenones show deeper oscillations than their isomers. This is most probably due to the higher polarizability of the para isomers due to their greater length which in turn enhances their induced dipole moment. When compared to ortho substitution, para substitution causes no steric hindrance and provides charge stabilization.
The computed D 0 energies of these three derivatives as a function of the twist angle of the acetyl group are shown in Figure  17 . Consistent with the suggestion that the experimentally observed oscillations arise from twisting of the acetyl group on the D 0 state, twisting is favorable in all three of these derivatives. The presence of two-photon resonance between cationic ground and excited state was also determined through calculations ( Figure S4 , Supporting Information).
Pump−probe photofragmentation studies were also performed on p-and m-cyanoacetophenone to explore the effects of π acceptor groups on the electronic structure. Oscillatory signatures were not as clearly observed for these compounds, as shown in Figure 18 . On the basis of calculations, however, twisting is favorable in the D 0 state of both the meta and para isomer, as shown in Figure 19 , and therefore, we would expect to observe oscillations. The presence of two-photon resonance between cationic ground and excited state was also determined through calculations ( Figure S5, Supporting Information) . From the mass spectra (shown in Figure 6 ) we found cyano compounds have a significantly lower overall ion yield. This observation is consistent with their 0.5 eV higher ionization potential compared to that of acetophenone. This implies ionization requires the equivalent of 7 photons (instead of 6), with excess energy after ionization of at least 1 eV. The mass spectra for the cyano compounds show extensive fragmentation and a significant yield of protons, and even C 2+ . These observations are consistent with higher energy fragmentation pathways that may include electron recollision and multiple ionization. This is also evident in the observation of protons in the mass spectra, a signature of Coulomb explosion. The low molecular ion yield in these compounds led to a much lower signal-to-noise ratio in the transients. When the transients are fit, we find both cyanoacetophenones show oscillations, although these seem to be buried in the noise.
■ DISCUSSION
Understanding the behavior of polyatomic molecules under intense fields requires drawing links between strong-field physics, ab initio calculations, organic chemistry, spectroscopy, and the chemistry of radical cations. We have presented experimental evidence that is consistent with strong-field ionization of acetophenone and several other derivatives followed by absorption of additional photons from the probe laser. The dynamics observed as a function of time-delay between pump and probe pulses are consistent with the creation of a relatively cold ground-state cation, followed by torsional motion of the carbonyl moiety, confirmed by the observation of a lack of torsional dynamics in fluorenone and indanone, for which such motion is prevented by the locked-in-place structure, and changes in the oscillation period in response to the moment of inertia of the rotor. Ab initio calculations on most of the molecules are found to support the experimental observations and are consistent with ionization to the ground electronic state of the cation D 0 . Benzaldehyde and m-methylacetophenone were found to be vertically ionized such that they are already near the energy minimum, and therefore torsion to larger angles is not energetically favorable.
As the ionic molecular structure resulting from strong-field ionization seeks to relax to a more energy favorable configuration, a large number of degrees of freedoms are explored. The observed coherence, in the case of some acetophenones, involves nuclear rearrangements. Along the way, conical intersections are traversed, and these determine the final structures as well as the photofragmentation products. Following ionization, cation chemistry is related to ion stability as shown in the mass spectra of the compounds ( Figure S4 , Supporting Information). The stability can be determined through ab initio calculations and is consistent with simple o, m, p-aromatic ring substitution. With respect to the carbonyl functional group in ketones, Norrish type I reactions are expected upon excitation. This type of reaction follows through the cleavage of either of the bonds next to the carbonyl group, producing two radicals. In our experiments methyl loss is found to be out of phase with acetyl loss (Figure 5 ), likely due to the varying coupling between nonbonding electrons on the oxygen and the benzene group as a function of twisting angle.
Our findings are consistent with a number of studies in the literature. Though a comprehensive review is beyond the scope of this paper, we mention here some notable cases. We start from the examples given to support the NME theory. 15, 16 It was argued that the increased molecular length and number of electrons is what causes greater intramolecular energy, which is acquired through multiple electrons oscillating in the field and results in fragmentation after SFI. Here, we showed in Figure 1 that there is a simpler explanation to the observed fragmentation of those molecular systems, which is related to the HOMO− LUMO gap and the density of states that facilitates SFI. Molecular fragmentation results from the absorption of additional photons by the nascent cation, which is again facilitated by the density of states. Fragmentation of the nascent cation and the cation after postionization excitation depends on radical ion stability and may take place in a broad range of time scales stretching from femtoseconds to microseconds. At intensities greater than 10 14 W/cm 2 , not discussed here, fragmentation results from interaction between the leaving photoelectron and the molecular system through recollision. This process is usually accompanied by multiply charged fragments and Coulomb explosion.
More recent studies exploring possible NME processes have included oriented molecules. Experiments on HCl identified differences that were attributed to sequential double ionization. 79 High harmonic interferometry has also identified multielectron dynamics; however, here again recollision is involved. 22 A recent study tracking channel and angle resolved above threshold ionization, explored NME. 19, 24 Results showed that indeed each ionization channel displays a unique angular dependence; however, it is not clear that nonadiabatic multielectron effects were identified. The influence of molecular symmetry on strongfield ionization of oriented polyatomic molecules has been probed and the results were confirmed by MO-ADK. 80, 81 It was found that the ionization yields were primarily determined by the nodal surface structure of the molecular orbitals, without the need to invoke NME. Time dependent DFT simulations also predict that ionization via a single electron process from a lower energy orbital is possible, and dominant for most orientations. 82, 83 Relating molecular fragmentation to the probability that the cation absorbs further photons can be easily tested by comparing experiments with different pulse durations. For example, experiments on C 60 carried out with 100 fs pulses 84 led to the observation of significant fragmentation whereas those carried out with sub-50 fs found very little fragmentation. 85 Fragmentation of C 60 was found only after the appearance of C 60
+2
, presumably through electron recollision. More recent experiments similarly find little or no fragmentation at lower intensities. 86 Experiments on p-nitroaniline found substantially more fragmentation as chirp increased. 87 The amount of chirp was also found to increase the fragmentation of S 8 . 88 The fragmentation of ethanol was also found to increase with chirp. 89, 90 More recent experiments using coincidence photoelectron and photoion detection of ethanol found the averaged internal energy of C 2 H 5 OH + just before the dissociation is found to increase when the laser field intensity increases from 9 to 23 × 10 12 W/cm 2 and when the laser pulse duration increases from 35 to 800 fs. 91 Intense fields capable of double ionization, a regime not studied here, create high-energy photoelectrons that interact with the molecule causing significant fragmentation and the generation of smaller ionic species including C + and H + . Work from our group on o-nitrotoluene showed a smooth progression from transform limited pulses to highly stretched pulses using binary phase shaping, indicating that longer pulses caused additional fragmentation. 92 A broader study presented results on 16 different molecules subjected to intense shaped 800 nm pulses. 32 We found that the extent of fragmentation was primarily dictated by pulse duration. For acetophenone, short pulses with peak intensity ∼10 13 W/cm 2 lead to limited fragmentation and a strong molecular ion ( Figure S1 , Supporting Information), whereas 1 ps pulses at all energies lead to complete fragmentation of the molecular ion ( Figure S7 , Supporting Information). We have found a few notable exceptions to this general pulse duration trend. Acetone, acetyl chloride, benzene, and toluene were found to be less sensitive to pulse duration. 32 The reason behind the insensitivity to pulse duration in these cases is the low probability for single or multiphoton excitation of the nascent cations.
During strong-field ionization of polyatomic molecules there is a high probability of encountering multiphoton resonances and near resonances. The presence of such resonances may cause a delay in the ionization process, making it slower than a suboptical cycle. The term adiabatic often implies there is no electronic resonance in the ionization process. 15, 16 In the NME theory, it is argued that nonadiabatic ionization leads to the absorption of large amount of energy by the molecule. 15, 16 The data presented in this study are consistent with the creation of internally cold cations and thus supports a vertical ionization process. Our model argues strong-field ionization by short sub-50 fs pulses in molecules is consistent with the creation of relatively cold molecular ions, without invoking multielectron processes that deposit the energy required for fragmentation of the resulting molecular ion or cause simultaneous multielectron transitions. This conclusion is supported by the experimental and theoretical results presented here. What is most remarkable is that this conclusion is supported by experiments on molecules with molecular weights in the thousands of Daltons. Experiments carried out on peptide ions, whereby the mass-selected ions are subjected to SFI, are consistent with prompt ionization followed by radical cation bond cleavage. 51, 93 If molecular size determined the amount of intramolecular energy gained by the cation during SFI, experiments on peptides should result in extensive ergodic fragmentation that reflects the distribution of energy throughout the molecule. Our findings, however, are that fragmentation follows well-known radical-cation fragmentation pathways, and most importantly the fragmentation is nonergodic. 51 In fact, the significance of femtosecond laser-induced fragmentation of peptides is the ability to cleave strong bonds while leaving weak bonds intact. 51 The value of this ability for biological mass spectrometry is the ability to preserve weakly bound peptide modifications such as phosphorylation while being able to cleave peptide backbone amide bonds to obtain sequencing information. 94 Our experiments highlight coherent vibrational (torsion) motions in the nascent molecular ions. This observation along with the fact that methyl and phenyl cleavage were found to be out of phase could inspire "coherent control" types of experiments, although the effect is limited to a few tens of percent. The timing of the coherence ccould also be used to identify ortho, meta, and para substitution when strong-field excitation is used for analytical chemistry purposes. 95−97 In fact, electron impact mass spectrometry is very similar to strong-field mass spectrometry provided that the laser pulses used are short. 32 This is consistent with the fact that electron impact occurs with an associated short time scale determined by the transient time of the electron past the molecule and the ensuing ionization. In electron impact there are no laser photons for the cation to absorb and yield further dissociation; therefore, the fragmentation is determined purely by ion stability.
Here we have considered a molecular-structure dependent SFI process that is closely followed by photodissociation of the resulting cations. We note that this model depends on the molecular density of electronic states, n-photon resonances (with n = 1, 2, 3), ion stability, and pulse duration in terms of optical cycles. The observation of resonances in this work is consistent with the observation of different degrees of fragmentation observed when using different wavelengths. 15, 16 The wavelength dependence, however, is related more to resonances than to the participation of multiple electrons. 98 It is noteworthy that all of the above arguments, which explain the origin of the oscillatory signal in p-and o-methylacetophenone and the surprising absence in the meta derivative, are based on the assumption that upon interaction with the strong laser field a single electron is ejected from the molecule without significant excitation of the remaining electrons. This is confirmed by the success of ab initio calculations starting from the ground-state geometry predicting the observed behavior without the need for additional intramolecular energy.
■ CONCLUSION
This work has explored the strong-field photofragmentation of a large family of substituted aromatic ketone molecules. We found the following: (i) When peak intensity is low (10 12 −10 13 W/ cm 2 ) and pulse duration is short, the fragmentation following SFI is limited ( Figure S1 
N
Our study serves to provide a model for the behavior of polyatomic molecules under strong fields that is consistent with a photoelectron that promptly leaves the molecule, takes most of the absorbed energy with it. This process conjures the mental picture of the trick in which the table cloth is quickly pulled off the table, leaving the plates and glasses intact. This rather simple analogy is consistent with the observation of nonergodic photofragmentation of polyatomic molecules by ultrafast laser pulses predicted by Zewail in 1980, 99 and with subsequent observations made in femtosecond laser-induced dissociation mass spectrometry of phosphorylated proteins, where strong bonds are cleaved while weak bonds are left intact. 50 The proposed behavior of polyatomic molecules under intense fields is prompt ionization leaving a relatively cold ion followed by ionfragmentation enhanced through single and multiphoton resonance. The extent of fragmentation is proportional to the duration of the laser pulse. Predictive analysis of the behavior of polyatomic molecules in strong fields requires knowledge of molecular structure (ground and ion electronic states) and molecular alignment with respect to the field. This has recently been done, albeit on linear diatomic and triatomic molecules. Energy level diagrams constructed from cationic excited-state calculations showing the importance of the presence of 3 eV (two-photon) energy gap between the ground and excited states for a number of molecules are shown. A table along with the fitting formula and the relevant fitting parameters for compounds exhibiting ion yield modulations is also presented. Mass spectra for acetophenone corresponding to <10 12 W/cm 2 low intensities and for different intensities corresponding to a 1 ps pulse are presented. A discussion on the competition between field ionization and multiphoton ionization driven processes at the laser focus is also presented. The MP2 optimized geometries for most of the compounds are also listed. This material is available free of charge via the Internet at http://pubs.acs.org.
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